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Abstract
The evolution of the traditional nuclear magic numbers away from the valley of
stability is an active field of research. Experimental efforts focus on providing
key spectroscopic information that will shed light into the structure of exotic
nuclei and understanding the driving mechanism behind the shell evolution. In
this work, we investigate the Z = 6 spin-orbit shell gap towards the neutron
dripline. To do so, we employed AN(p,2p)A−1C quasi-free scattering reactions
to measure the proton component of the 2+1 state of
16,18,20C. The experimental
findings support the notion of a moderate reduction of the proton 1p1/2− 1p3/2
spin-orbit splitting, at variance to recent claims for a prevalent Z = 6 magic
number towards the neutron dripline.
Keywords: quasi-free scattering reactions, magic numbers, spin-orbit
splitting, tensor force, shell evolution, exotic nuclei
1. Introduction
The emergence of nuclear magic numbers within a shell-model description
of atomic nuclei has been the paradigm of our understanding of nuclear struc-
ture. The theoretical interpretation of these special numbers followed from the
inclusion of a strong spin-orbit force in the nuclear mean-field potential [1, 2, 3].
However, due to the isospin dependence of the nucleon-nucleon (NN) residual
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interaction, the magic numbers that emerge near the stability line are not nec-
essarily the same for exotic nuclei, which have large neutron-proton asymmetry,
see e.g. Ref. [4] and references therein.
The first spin-orbit shell gap originates from the splitting of the 1p1/2−1p3/2
orbits and the Z = 6 carbon isotopes provide an excellent case to study the
changes in the proton spin-orbit splitting from stability to the dripline. This
case is particularly interesting since it is anticipated that a quenching of the
splitting will occur due to effects of the tensor and two-body spin-orbit forces
acting on the 1p protons when neutrons are added in the d5/2 and s1/2 orbits.
Indeed, in our earlier work [5] we have attributed the observed increase in the
B(E2; 2+1 → 0+1 ) values from 16C to 20C, as a manifestation of increased in-shell
proton excitations (p11/2p
−1
3/2), due to a weakening of the 1p1/2−1p3/2 spin-orbit
splitting at Z = 6 towards the dripline. It is worth pointing out a similar effect
has been discussed in Ref. [6] for the case of the 2p1/2 − 2p3/2 splitting in the
yttrium isotopes.
Following on from Refs. [5, 7, 8], we report in this Letter the results of an
experiment designed to study the proton component of the 2+1 state in
16,18,20C
using Quasi-Free Scattering (QFS) (p,2p) reactions on 17,19,21N. As described in
more detail in Section 4, the proton component (p11/2p
−1
3/2) in the carbon isotopic
chain can be uniquely accessed through (p,2p) reactions; the population of the
2+ state is expected to proceed only through this component since the pi1p1/2
coupled to the 2+ state in the carbon isotopes cannot contribute to the 1/2−
ground state of the nitrogen isotopes. Our results show an increase in the proton
component, and signals a quenching of the Z = 6 1p1/2− 1p3/2 gap towards the
dripline, casting doubt on the strong statement given by the authors of Ref. [9],
who conclude that the Z = 6 spin-orbit originated magic number is prevalent
up to 20C.
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2. Experimental Details
The experiment was performed at GSI Helmholtzzentrum für Schwerionen-
forschung using the R3B/LAND setup [10]. A primary beam of 40Ar was used to
bombard a 4 g/cm2 Be production target with an energy of 490MeV/nucleon.
The products were selected by the fragment separator FRS [11] according to
their Bρ and delivered to the R3B/LAND setup.
The R3B/LAND setup enables a kinematically complete measurement of
QFS (p,2p) reactions in inverse kinematics. The incoming isotopes are fully
stripped and identified on an event-by-event basis via energy-loss, time-of-flight
and position measurements. The outgoing heavy charged fragments are bent by
the dipole magnet ALADIN towards the fragment arm and their A/Z ratio is
determined by their trajectory through the magnetic field. As an example the
particle-identification (PID) plots for all incoming isotopes and outgoing (only
Z = 6) fragments together with the applied software gates are shown in Figure 1.
The protons from the QFS reactions and γ rays from the decay of excited states
are detected by the Crystal Ball (XB) detector array [12] surrounding the target
area. More details on the experimental setup can be found in Refs. [13, 14, 15,
16, 17].
For this work, we study (p,2p) reactions from 17,19,21N to 16,18,20C, respec-
tively. To emulate reactions on a pure proton target, data were taken for both
CH2 and C targets. The contribution from the protons in the CH2 target is then
reconstructed by subtracting the contribution from the C target. In addition,
a measurement without target (empty target) was performed to estimate the
contribution from the in-beam detectors to the reaction of interest. The target
properties as well as the energy of the incoming isotopes are listed in Table 1.
With a gate on the incoming AN and the outgoing A−1C isotopes, the reactions
of interest are selected. In addition to the fragment selection, the identification
of the (p,2p) QFS reactions is performed by gating on the two outgoing protons
with XB. A next-neighbour addback around the proton hit is applied in the
data analysis to remove contamination from the proton hits into the γ-ray spec-
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Table 1: Incoming beam and target properties.
Beam Energy [MeV/nucleon] Total # of ions Target Thickness [g/cm2]
17N 438 3.533× 107 CH2 0.458
1.131× 107 C 0.558
19N 430 2.534× 107 CH2 0.922
1.034× 107 C 0.935
21N 422 1.693× 106 CH2 0.922
5.127× 105 C 0.935
tra. The distribution of the protons in the laboratory frame, shown in Figure 2,
manifests the characteristics of the QFS reactions.
For the identification of the bound excited states in the carbon isotopes,
the emitted γ rays are detected with XB. To reduce the Compton background,
the crystals in which some energy was deposited are sorted into clusters. A
cluster is built by taking the highest energy entry and adding the energy of all
neighbouring crystals (next-neighbour addback). Each cluster then corresponds
to a single γ ray. Afterwards, its energy is Doppler corrected taking into account
the position of the cluster center.
3. Results
To obtain inclusive and exclusive cross sections in the 17,19,21N(p,2p)16,18,20C
reactions, one needs to know the γ-ray and proton efficiencies of XB. These
are determined with simulations, using the R3BRoot framework [18] and the
Geant4 v10.2.1 transport engine [19]. The γ-ray photopeak efficiency of XB
was simulated and compared with available source measurements (60Co). In
addition, detailed studies have been performed [16] to check the validity of
these simulations with respect to the detection of both neutrons and protons.
For the production of the particles of interest in the simulation, namely the
outgoing fragment and the two protons from the QFS reaction, an external
event generator is used. The event generator is based on a pure kinematical
5
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Figure 1: (Color online) Incoming (all Z) (left) and outgoing (Z = 6) (right) PID plots for
the reaction 17N(p,2p)16C (first row), 19N(p,2p)18C (second row), and 21N(p,2p)20C (third
row) using a CH2 reaction target. The gates on the isotopes of interest are marked with an
ellipsoid (incoming PID plots) and two straight lines (outgoing PID plots).
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Figure 2: (Color online) Angular correlations of the two quasi-free scattered protons on the
CH2 target for the 19N(p,2p)18C reaction. In the laboratory frame, the azimuthal angles φ
(top) show the expected back-to-back nearly co-planar scattering, while the polar angles θ
(bottom) indicate that protons scatter with ∆θ ≈ 80◦, as expected for the QFS reactions at
these energies.
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description of the reaction process assuming an isotropic center-of-mass colli-
sion [20]. The simulation of 100,000 events leads to a two-proton efficiency of
2p = 57.4(3)%, 56.2(3)% and 55.4(3)% for the 17N(p,2p)16C, 19N(p,2p)18C and
21N(p,2p)20C reactions, respectively. The decrease in 2p is due to the decrease
in the energy of the incoming nitrogen isotopes from 17N to 21N.
In addition, the simulations are used to extract the contributions from the
bound excited states to the γ-ray spectra. The same event generator as for
the proton efficiency is used, with the relevant γ rays from the de-excitation
added to the fragment and the two protons. Each decay channel is simulated
separately to take side-feeding of the lower-lying state into account.
For the 17N(p,2p)16C reaction, the level scheme of 16C shown in Figure 3
is considered, as observed in [8] following a proton-removal reaction. A small
contribution from the direct decay of the second 2+ could remain undetected,
however, this direct decay has been constrained to a branching ratio of less than
8.8% in [8], and therefore the error induced by omitting this is negligible.
For the 19N(p,2p)18C reaction, the level scheme of 18C as shown in Figure 3 is
considered. Since the direct decay of the 2+2 state to 0
+ ground state is simulated
separately from the decay via the 2+1 state, the branching ratio can be extracted
by comparing the contributions from the two decay paths from the fit shown in
Figure 3. The branching ratio of the direct decay is 22(8) %, while the one of
the cascade is 78(8) %. This is in good agreement with the value determined in
one-proton removal reactions [21]. The calorimetric spectrum shows a possible
peak at 4 MeV, which would be in line with a level observed by Stanoiu et
al. [22] in a multi-fragmentation reaction and Kondo et al. [23] following a
neutron-removal reaction (with a large spectroscopic factor, suggesting that
this state is dominated by a neutron configuration). However, in this work, we
are looking into the very selective proton-removal channel, and therefore not all
states known for 18C are expected to be populated. We followed the level-scheme
of Ref. [21], where the 4 MeV state is not populated following a proton-removal
reaction, and we did not include this state in our analysis, treating this as
background. If we do include this state in our analysis, the proton amplitude
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decreases only slightly (from 7% to 5%) leaving the conclusions of this work
unaffected.
For the 21N(p,2p)20C reaction, the level scheme of 20C as shown in Figure 3
is considered. For 20C only one bound 2+1 excited state at 1.6 MeV has been
considered, consistent with the γ-ray spectrum observed in Ref. [7].
A combination of the simulated spectra of all bound excited states are then
fitted to the experimental ones. The single and calorimetric spectra are fitted
simultaneously using Neyman’s χ2 estimator [24]. The single spectra are filled
with the energy entries of all clusters separately. For the calorimetric spectra,
the energies of all clusters for a given event are summed. Since the two types of
spectra are sensitive to the different decays – direct or via a cascade – in different
ways, the ratio of the excited states can be determined more accurately by fitting
both spectra simultaneously. The results are shown in Figure 3.
The inclusive cross section can be calculated taking into account the proton
detection efficiency from the simulation. The results are given in Table 2 for
the three reactions of interest.
The number of events in a certain excited state is determined from a fit of
the simulated to the experimental γ-ray spectra, as depicted in Figure 3. The
resulting exclusive cross sections for the 0+ ground state and the 2+1 excited
state are listed in Table 2. The cross section of the ground state is calculated
by subtracting all excited states from the inclusive cross section. The exclusive
cross sections for the higher-lying states are not listed but can be reconstructed
from the difference of the inclusive and exclusive cross sections listed in Table 2.
The inclusive cross section for the 21N(p,2p)20C reaction has been published
by our collaboration in an independent analysis [16] using the same data set.
The two cross sections (σkin = 2.27(38) from [16] and σ = 2.65(34) from this
work) are consistent within their statistical uncertainty (of ∼ 15%) and the
systematic uncertainty (of ∼ 6%) induced by the choice of thresholds in the
addback procedure as discussed in detail in Ref. [17]. Moreover, for this work,
the relative exclusive cross sections along the C isotopic chain is of importance,
therefore systematic deviations in their absolute value, due to e.g. different
9
thresholds, do not impact the conclusion of this work.
4. Discussion
The experimental cross sections in Table 2 are compared to theoretical pre-
dictions based on the eikonal approximation [25], well suited for (p,2p) QFS
reactions at the energies considered here. The optical potential is given by the
tρρ approach. The density of the nuclei are determined with Hartree-Fock calcu-
lations using the SLy5 interaction [26] and isovector surface pairing. The wave
function of the proton is calculated using a phenomenological potential con-
sisting of a Wood-Saxon central potential, a spin-orbit term, and the Coulomb
potential. The binding energy of the proton in the p1/2 orbit is given by the
proton separation energy Sp, while the binding of the proton in the p3/2 orbit is
estimated from the proton single-particle levels in 15N. The theoretical exclusive
single-particle cross sections for QFS on the p1/2 and p3/2 protons are given in
Table 2. When combined with the experimentally derived exclusive cross sec-
tions, we can calculate the experimental spectroscopic factors, C2S, for the 0+1
and 2+1 states from
σexp = C
2Sσtheo.
To determine the proton contribution to the 2+1 state wave function from our
cross section measurements, we consider a simple shell-model picture for the 0+1
and 2+1 state as discussed in Refs. [5, 8]. We assume that the 0
+ ground state
of the carbon isotopes can be described as
|0+1 ; A−1C〉 ≈ |ν (sd)n; J = 0〉 ⊗ |pi (1p3/2)4; J = 0〉,
with n = 2, 4, 6 for 16C, 18C, and 20C, respectively, with the valence neutrons
occupying a quasi-degenerate sd shell [22]. Additionally, the 2+1 excited state
10
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Figure 3: (Color online) Single (left) and calorimetric (right) γ-ray spectra for the reactions
17N(p,2p)16C (first row), 19N(p,2p)18C (second row), and 21N(p,2p)20C (third row) on the
reconstructed H target. The experimental spectra are shown with black crosses. In all cases,
the simulation is depicted for the background induced by the protons (blue) and the γ rays
de-exciting the first 2+ state (red). In addition, for 17N(p,2p)16C the de-excitation of the
higher-lying 2+2 (green), 3
+ (grey), and 4+ (turquoise) states to the first 2+ state is also
considered in the simulations. For 19N(p,2p)18C the direct decay of the 2+2 state to the ground
state (grey) and its decay via a cascade (green) are shown. The sum of all simulations is shown
in black. The insets show the level scheme and γ-ray transitions (in color) as considered in
the simulations.
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Table 2: Experimental and theoretical cross sections and spectroscopic factors. The theoret-
ical cross sections were calculated using the formalism described in Ref. [25] for an occupation
number of 1 for both the 1p1/2 and the 1p3/2 orbit (see text for details).
State Orbital σexp[mb] σtheo[mb] C2Sexp β2 [%]
17N(p,2p)16C inclusive 3.82(19)
0+ 1p1/2 2.83(20) 6.171 0.46(3)
2+ 1p3/2 0.68(9) 5.929 0.11(2) 10.0(15)
19N(p,2p)18C inclusive 3.66(14)
0+ 1p1/2 2.53(15) 5.267 0.48(3)
2+ 1p3/2 0.45(7) 5.193 0.09(1) 7.2(12)
21N(p,2p)20C inclusive 2.65(34)
0+ 1p1/2 1.87(38) 4.554 0.41(8)
2+ 1p3/2 0.78(17) 4.458 0.17(4) 17.0(51)
can be described as
|2+1 ; A−1C〉 ≈ α|ν (sd)n; J = 2〉 ⊗ |pi (p3/2)4; J = 0〉
+ β|ν (sd)n; J = 0〉 ⊗ |pi (p3/2)3(p1/2)1; J = 2〉,
where α and β denote the amount of pure neutron and pure proton excitation
contributing to the state, respectively. Naturally, within this simple scheme the
ground state of the neutron-rich nitrogen isotopes is
|1/2−; AN〉 ≈|ν (sd)n; J = 0〉
⊗ |pi (p3/2)4(p1/2)1; J = 1/2〉.
This is supported by experimental data for 15,17N. In particular, spectroscopic
factors for the 18O(d,3He)17N reaction [27] confirmed that 1/2− ground state
contains the full 1p1/2 strength. In addition, the magnetic moment of the ground
state in 15N [28], -0.28 µN , is very close to the Schmidt limit for the pip1/2 orbit.
That of 17N [29], -0.35 µN , can be explained by a small component of ≈ 2% for
the |ν (sd)n; J = 2+〉 ⊗ |pi (p3/2)3(p1/2)2; J = 3/2−〉 configuration in the ground
state, because its contribution to the magnetic moment is large, ≈-5.2µN .
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Thus, and since the coupling of the pi1p1/2 with the 2+1 state of the core
cannot contribute to the ground state, the spectroscopic factor for the removal
of a proton in the 1p1/2 orbit populating the 0+1 ground state of
A−1C is expected
to be 1. The removal of a 1p3/2 proton from the ground state will populate
the 2+1 state only via the proton component and directly probes the proton
amplitude of the state, β.
With four protons in the 1p3/2 orbit, the ratio of the spectroscopic factors
in our simple picture is proportional to the proton amplitude (see Ref. [8]):
σexp(2
+
1 )
σexp(0
+
1 )
× σtheo(p1/2)
σtheo(p3/2)
=
C2S(2+1 )
C2S(0+1 )
= β2 × 5
2
. (1)
In looking at the ratios, quenching factors (see e.g. [15, 30, 31, 32, 33, 34])
largely cancel out and can be compared directly to shell-model expectations.
Taking into account the experimental and theoretical exclusive cross sections
in Table 2 and Eq. 1, the corresponding proton amplitudes of the 2+1 states in
16,18,20C, β2, can be calculated and are listed in Table 2.
Figure 4 compares the experimentally derived ratio of spectroscopic factors
and proton amplitudes with predictions from the shell model using the WBT*
interaction [22, 35], which reproduces well the excitation spectra of the even-even
neutron-rich carbon isotopes. The observed increase in the proton component
towards 20C is well captured within the shell model, which is also successful in
explaining the increase in the E2 transition probabilities. A similar increase in
the proton amplitude is predicted within the seniority scheme of Ref. [5].
It is interesting to plot the experimental data in the form of Figure 5, which
empirically shows that the increased quadrupole strength is clearly due to the
enhanced proton contribution to the 2+1 state in
20C. For reference, we also
include in Figure 5 the results of the seniority model [5] if we perform a simulta-
neous fit of the proton and neutron E2 matrix elements to the experimental data
of the E2 transition probabilities (from Ref. [36]) and the ratio of spectroscopic
factors for 14,16,18,20C (from Ref. [37] for 14C and from this work for 16,18,20C).
The black line shows the result of the fit, while the shaded area corresponds to
one standard deviation.
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As discussed in the Introduction, the correlation is anticipated on general
theoretical arguments that point out a reduction of the pi1p1/2 − 1p3/2 spin-
orbit splitting at Z = 6 towards the dripline, due to the monopole shifts of
the proton effective single-particle levels induced by the successive addition of
neutrons in the sd shell. In first order perturbation theory, the proton amplitude
is given by β ∼ Vpiν/(E2+pi − E2+ν ), with Vpiν being the matrix element mixing the
unperturbed 2+pi and 2+ν states. Because the energy denominator, E2+pi −E2+ν , is
dominated by the difference between the proton 1p1/2 and 1p3/2 level energies,
ep1/2 − ep3/2 = ∆Eso, it is clear that a reduced spin-orbit splitting will help
promote proton excitations.
In a more quantitative way, we consider the semi-empirical analysis of the
isospin dependence of the 1p spin-orbit splitting in Ref. [27]. According to their
results, ∆Eso changes from ≈ 6 MeV in 14C to ≈ 4 MeV in 20C. These values
are in good agreement with the ones predicted from the WBT* interaction
(∆Eso = 6.54 MeV at N = 8 and 4.80 MeV at N = 14) and a Woods-Saxon
potential with the FSU parametrization [38] (∆Eso = 5.7 MeV at N = 8 and
4.4 MeV at N = 14). It is also interesting to point out that using monopole
averages calculated from the Schiffer-True interaction [39] and assuming fully
mixed sd neutrons, we estimate a change in the spin-orbit splitting between 14C
and 20C δ∆Eso ≈ -1.75 MeV, consistent with the values above1.
Using the ∆Eso from Ref. [27], we determine an average mixing matrix
element Vpiν ≈ 1.5 MeV. Similarly, and although excitation energies could be
more affected than the amplitudes, we obtain a value of Vpiν ≈ 1.2 MeV from
the lowering of the 2+ states with respect to their expected unperturbed values,
consistent with the estimate above. Using an SDI interaction [40] with strength
parameters AT=0 = AT=1 = 1.5 MeV, scaled to this mass region, the mixing
matrix element is calculated [41] to be V SDIpiν ≈ 1.3 MeV in line with the empirical
1 The relevant average proton-neutron matrix element differences are decomposed
as: 〈Vp1/2−d5/2 〉 − 〈Vp3/2−d5/2 〉 = −0.05(Central) − 0.31(Tensor) − 0.02(LS) MeV and
〈Vp1/2−s1/2 〉 − 〈Vp3/2−s1/2 〉 = −0.024(LS) MeV
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results.
Empirically, as shown in Fig. 5, the proton-amplitudes and the B(E2)’s
correlate well. However, and while the statistics on the cross-section ratios does
not allow us to make a firm statement, the data may suggest a reduction (in-
crease) of the proton component in 18C (16C). This apparent decrease (increase)
is not anticipated from theoretical arguments and we currently do not have an
explanation for this behavior. Perhaps systematic uncertainties, due to the sub-
traction of the indirect feeding of the 2+1 and/or the theoretical cross-sections,
are not fully accounted in the quoted errors.
5. Summary
In this work, we have employed AN(p,2p)A−1C quasi-free scattering reac-
tions using relativistic radioactive beams to study the proton component of the
2+1 state in
16,18,20C, and look into the evolution of the Z = 6 spin-orbit splitting
towards the neutron dripline. Our results show an increase in the proton com-
ponent, and signal moderate quenching of the Z = 6 1p1/2 − 1p3/2 gap towards
the dripline, in contrast to the conclusions of Ref. [9]. The driving mechanism
behind the evolution of the pi1p1/2 and pi1p3/2 orbits as function of isospin is
the combined effect of the tensor (mainly) and two-body spin-orbit forces acting
on the 1p protons when neutrons are added in the d5/2 and s1/2 orbits. We ex-
pect that these results will motivate further theoretical work on the structure of
neutron-rich carbon isotopes from both large-scale shell model calculations and
ab initio approaches. Experimentally, the study of unbound (mixed-symmetry)
2+ states [5] appears as the next logical step and is underway.
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